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ABSTRACT: The large-scale formation of patterned, quasi-
freestanding graphene structures supported on a dielectric has so
far been limited by the need to transfer the graphene onto a
suitable substrate and contamination from the associated
processing steps. We report μm scale, few-layer graphene structures
formed at moderate temperatures (600−700 °C) and supported
directly on an interfacial dielectric formed by oxidizing Si layers at
the graphene/substrate interface. We show that the thickness of
this underlying dielectric support can be tailored further by an
additional Si intercalation of the graphene prior to oxidation. This
produces quasi-freestanding, patterned graphene on dielectric SiO2
with a tunable thickness on demand, thus facilitating a new
pathway to integrated graphene microelectronics.
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1. INTRODUCTION
The extraordinary properties and success of graphene in
prototype electronic platforms have led to numerous synthesis
routes and processing methods for patterning the material.
While isolation of graphite layers by mechanical exfoliation led
the field in characterizing the material properties,1,2 using
exfoliation for device fabrication suffers from a low yield and a
lack of scalability.3 Scalable methods that do not rely on
exfoliation are therefore attractive.
Chemical vapor deposition (CVD) on metal4,5 and semi-
conductor6,7 substrates or high-temperature annealing of
SiC8−10 has gained the most traction for producing high-
quality graphene films. A large number of routes for further
processing are now available, such as photolithography,11,12
electron beam lithography,13,14 scanning probe lithography/
etching,15,16 and direct laser lithography.17−19 However, these
methods each have their own disadvantages, e.g., growth on a
metal substrate requires the graphene to be transferred and
patterning induces defects/contaminants that reduce device
efficacy.20,21
A promising transfer-free method utilizes a transition-metal
catalyst (Cu or Ni) deposited directly onto an oxide layer on a
Si wafer.22,23 Graphene is then formed by annealing in the
presence of carbon, and the metal film is subsequently
removed chemically, leaving the graphene in direct contact
with the dielectric material. Although this method shows great
potential, metal contamination remains a major issue.24 An
alternative approach for removing metal from the graphene has
been demonstrated,25 as has a method for adding a dielectric
layer under the graphene after growth.26 Both modify the
graphene−substrate interaction, which is known to impact the
electronic properties of graphene.27−30 Although there is no
single method that suits all device applications, there is a desire
for transfer-free methods that produce graphene free of
contaminants and with control of the substrate interaction,
directly on dielectric surfaces. In this work, we demonstrate
transfer-free, patterned graphene structures on SiC, with
optional decoupling by forming SiO2 at the graphene−
semiconductor interface.
2. METHODS
In our previous work, few-layer graphene on transition-metal silicide
was prepared according to the metal-mediated approach as described
elsewhere.31,32 Thin films of Fe or Ru (1−2 nm) on 6H-SiC(0001)
were thermally activated by annealing to temperatures of 600−700 °C
for a short duration. This triggered transition-metal silicide formation
at the interface and the associated liberation of carbon reconstructing
Received: May 29, 2021
Accepted: July 13, 2021
Research Articlewww.acsami.org























































































into graphitic (sp2) layers on the surface. Following the growth, all
samples were subsequently annealed to higher temperatures (T > 700
°C) to diffuse the metal into the bulk of the underlying SiC
substrate.25,32 This left the graphene layers supported directly on a
thin film of Si.
To demonstrate the possibility of patterning graphene we followed
the above approach, but now with predefined metallic regions (prior
to graphene growth) in regular arrays of squares or circles by means of
a simple shadow mask. The metals Fe and Ru were deposited under
ultrahigh vacuum (UHV) onto chemically and thermally cleaned 6H-
SiC substrates through solid masks made of a Mo foil with openings
of 50 and 500 μm that were placed in proximity (<0.3 mm) to the
sample surface.
3. RESULTS AND DISCUSSION
Selectively grown graphene exclusively on top of Fe islands is
demonstrated in Figure 1, using Raman spectroscopy, energy-
filtered photoemission electron microscopy (EF-PEEM), and
low-energy electron diffraction (LEED). In the Raman
spectrum, a distinctive “2D peak” from sp2 hybridized carbon
is observed at 2708.4 cm−1 (Figure 1c). The full width at half-
maximum (FWHM) of the peak is 90.9 cm−1, suggesting that
either mono- or bilayer graphene has been created.33 In Figure
1b, the spatial distribution and intensity of this peak are
plotted, showing two distinctly different areas that indicate
patterned graphene formation. Intensity from the graphene is
predominantly found inside the Fe pattern (Region I), while
negligible amounts can be seen from the nonmetalized SiC
substrate (Region II).
The spatially resolved C 1s core level intensity from a
similarly prepared sample is shown in Figure 1e, 1f. Distinct
chemical components from two separate regions can be
distinguished (Figure 1g). Within the Fe pattern (Region I) an
asymmetric peak shape appears at a binding energy of 284.5
eV, characteristic for sp2 bonded carbon.34,35 Outside the
pattern (Region II) a symmetric peak from the C−Si bonds in
SiC appears at 1.1 eV lower binding energy.8 The spatially
resolved Raman and EF-PEEM thus demonstrate that
graphene forms only within the metalized regions.
The crystalline quality of the graphene formed is
demonstrated from the small spot (1.5 μm) low-energy
electron diffraction (μ-LEED) pattern in Figure 1d. Twelve
spots appear at ≈15 and 45° rotation relative to the
unreconstructed (1 × 1) SiC phase described by vectors S1
and S2. These twelve spots have a |k| = 2.50 Å
−1, i.e., within
±2% of what is expected for pristine graphene layers36 and are
thus interpreted as two predominant graphene rotational
domains, G1 and G2. Additional spots (M) are also observed
that likely originate from an underlying bcc(110) lattice
constrained by the hexagonal 6H-SiC(0001) surface. Similar
features have been reported for Fe thin films on hexagonal
surfaces37,38 and are removed at a later stage.32
In our earlier work, thermalized thin films of Ru on 6H-SiC
have been shown to produce graphene of a similar quality to
those mediated by thin films of Fe.32 The spatial distribution of
C 1s core level signal from this system is resolved in Figure 2a.
Again a distinct, asymmetric line shape appears only within the
growth region at 284.3 eV binding energy, verifying that
graphene forms exclusively within the patterned Ru.
The lateral resolution of the patterning can be ascertained
from the sharpness of the boundary between the graphene
region and the SiC substrate, as shown in the low-energy
Figure 1. Localized graphene growth on top of patterned Fe. (a) Optical micrograph (artificially colored) showing circular regions of graphene on
Fe patterned on 6H-SiC(0001). (b) Spatially resolved Raman showing the intensity of the 2D graphene peak near the edge of one of the patterned
regions. (c) Intensity and full width at half-maximum (FWHM) of the 2D Raman peak recorded from the two different spatial Regions I and II in
panel 1b. (d) Small-area low-energy electron diffraction (μ-LEED) pattern of Fe-mediated, patterned graphene on 6H-SiC(0001) grown at 600 °C.
The threefold symmetric diffraction pattern of the substrate is described by vectors S1 and S2. Two distinct rotational domains of graphene (G1,
G2) appear at higher |k|, with ≈15 and 45° relative to the SiC. Additional spots (M) can be assigned to remnants of Fe beneath the graphene. (e, f)
EF-PEEM measurements of a patterned region recorded at two different binding energies corresponding to C−Si and C sp2 bonding, respectively.
(g) C 1s core level extracted from Regions I and II in the EF-PEEM. The topmost trace (Region I) clearly demonstrates the confinement of
graphene within the pattern, while the bottom trace (Region II) shows C−Si bonding characteristics for the SiC substrate. (h) μ-LEED pattern of
the Fe-mediated graphene from panel 1d after 30 min. air exposure: G1 and G2 are still visible and thus indicate that the graphene is stable when
exposed to air.
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electron microscopy (LEEM) image in Figure 2c. A fitted
intensity profile along the edge gives a patterning resolution of
190 nm (Figure 2e). We suspect that this estimate is limited by
the bright and dark fringes in the image, resulting from a
sudden change in electrostatic potential and work function at
the boundary,39−41 rather than by the abruptness of the
patterning.
When annealed for a longer duration, the patterned
geometry and the photoemission signal from the graphene in
each growth region are well preserved, as shown in Figure 2b,
2d. However, a higher photoemission intensity is seen around
the edges of each structure. This may suggest locally enhanced
nucleation and associated growth rate, as reported for epitaxial
graphene on SiC42−44 and other 2D materials.45
The chemical stability of the patterned graphene was tested
by exposing both systems to air for 30 min. In Figure 1h, a
LEED pattern from the same Fe-mediated graphene as in
Figure 1d is shown after 30 min of exposure to air and a
reintroduction to UHV. The two patterns are comparable,
indicating that the surface graphene is stable to the exposure.
However, the background intensity of the pattern is seen to
increase.
Chemical stability is also demonstrated by the small
variation in work function between the surfaces in Figure 2b,
2f, and 2. The graphene once formed (Figure 2b, 2d) has a
work function of 4.30 eV, and after air exposure (Figure 2f),
the work function increases slightly by 100 meV. Given the
chemical inertness of graphene already established from our
LEED measurements and in the literature,46−48 this small
energy increase hints at a change in the potential at the
graphene interface. Furthermore, the intensity of secondary
electrons (SEs) near the low-energy cutoff increases by roughly
1 order of magnitude. This can be explained by the longer
inelastic mean-free path of photoelectrons associated with the
wider band gap of SiO2.
49 Together with the higher
background intensity seen from the LEED (Figure 1h), these
changes indicate silicon oxide formation at the graphene−
substrate interface.
To further explore the possibility of electrically decoupling
the graphene, insulating SiO2 was grown directly at the
semiconductor−graphene interface. To determine how the
oxide growth would affect the patterned graphene, spatially
resolved, high-resolution X-ray photoemission spectroscopy
(XPS) and near-edge X-ray absorption fine structure
(NEXAFS) measurements were performed both inside and
outside of the graphene growth regions. Note that to perform
spatially resolved, high-resolution spectroscopy like this,
particularly the NEXAFS, samples of metal-mediated graphene
were produced with a patterning scale of 5 mm to compensate
for the larger spot size of the photoexcitation.
An oxide layer was grown by stepwise intercalation of Si and
O2 as previously demonstrated for CVD graphene grown on
transition-metal substrates.26 In the first step, patterned
graphene was subjected to Si atoms at a flux of 0.15 Å/min
for 40 min while being heated to 450 °C. Figure 3 shows the
change induced to the carbon K-edge and the Si 2p and C 1s
core levels for Fe- and Ru-mediated graphene samples. During
deposition, the intensities and shapes of the 1s → π*
excitations (Figure 3c) and the graphene core levels at 284.4
eV (Figure 3b, 3e) are well preserved. In contrast, signals from
the substrate (C-Si) and Ru 3d5/2 (Ru, Ru1-Ru3) are
attenuated strongly. New and prominent peaks (Si2) appear
at lower binding energies relative to the surface Si−C and
silicide (Si1) in the Si 2p region (Figure 3a, 3d). The
preservation of the 1s → π* resonance, the stable graphene
core level signal, and the mentioned attenuation of the Ru and
SiC intensities, therefore, suggest that the added Si has
intercalated the graphene layers without forming clusters on
the surface.
Next, the samples were heated to 300 °C while being
exposed to O2 at 200 mbar to trigger the oxidation of the
freshly intercalated Si. The shadow masks were then removed
and the samples reintroduced to UHV. Spectroscopy measure-
ments were repeated within the patterned graphene growth
regions and on the bare and adjacent substrate for comparison
(Figure 4). The photograph in Figure 4a shows the two
regions under investigation, with a distinct boundary between
them indicating the previous position of the now-removed
shadow mask (Region II). The yellow spots indicate both the
size and positions of the beam during photoexcitation(s).
Figure 2. EF-PEEM and LEEM of patterned graphene structures. (a)
EF-PEEM micrograph from a sample of 6H-SiC patterned with Ru
(Region II) and annealed to 800 °C. The sample is probed at the
graphene binding energy, confirming that the graphene formed is
confined within the metalized region. (c) LEEM micrograph of the
same region probed for electron kinetic energy Ek = 2.0 eV. (e) Fitted
intensity profile of the patterned graphene edge taken from within the
dashed white area in panel 2b. The error function fit (in red) reveals a
patterning resolution of Δx = 190 nm. (b,d,f) EF-PEEM micrographs
showing patterned 2 nm Ru on SiC annealed to 750 °C for increasing
the time duration to form graphene at the surface (b, d), and finally
after 30 min of exposure to air (f). Each micrograph has been
extracted for binding energies EB close to the Fermi level EF. The
average work function (WF) within the squares is indicated in the
lower right corner of each subpanel.
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Figure 3. Spatially resolved XPS and NEXAFS demonstrating Si intercalation of metal-mediated graphene. (a, b) Surface-sensitive core levels Si 2p
and C 1s from graphene growth using Fe, obtained before and after intercalation of 0.6 nm Si. The C 1s, consisting of graphene (C sp2), substrate
(C−Si), and two surface-related signals (C1, C2), is stable during the Si treatment. Newfound Si from the intercalation (Si2) can be distinguished
from the silicide (Si1), substrate (Si−C), and oxide (SixOy) components. (d, e) Surface-sensitive core levels C 1s and Si 2p from graphene growth,
now using Ru, before and after intercalation of 0.6 nm Si. The deconvolved core levels from the treated surface reveal similar features as for the Fe-
mediated system. (c) Near-edge X-ray absorption fine structure (NEXAFS) measurements of the carbon K-edge of graphene grown using either Fe
or Ru, before and after Si intercalation. Both systems were excited with linearly polarized light at grazing (θ ≈ 20°) incidence relative to the sample
plane. (f) Schematic demonstrating the intercalation of Si adsorbates between graphene and its underlying growth substrate.
Figure 4. Spatially resolved NEXAFS and XPS of graphene after the growth of underlying SiO2 layers. (a) Photograph showing two distinct regions,
one exposed (I) and the other shadowed (II) during metallization, graphene growth, and Si intercalation. The two yellow areas indicate the
positions and size of the photoexcitation light spot used during XPS and NEXAFS data acquisition. (b, c) Surface-sensitive C 1s and Si 2p core
levels after exposure to 200 mbar oxygen while being heated to 300 °C. The same core levels but from the bare SiC substrate are shown for
comparison. (d) Grazing incidence (θ ≈ 20°) NEXAFS of Si-intercalated epitaxial graphene grown using Fe or Ru after subsequent oxidation of the
underlying Si. NEXAFS from the bare SiC substrate (Region II) is also shown.
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With O2 exposure, a broad, new feature appears in the Si 2p
signal (Figure 4c) of Region I at around 103 eV. A similar peak
at 103.6 eV has previously been assigned to the Si4+ of SiO2.
50
The formation of SiO2 in our data is furthermore supported by
the loss of signal from the previously added Si, as seen by the
strong attenuation of the Si2 signal. Comparing the Si 2p core
levels from inside and outside the growth regions, the new
SiO2 feature does not appear in Region II but rather a small tail
of intermediate oxide states (SixOy).
51,52
As expected, no signatures of graphene can be observed in
the region previously shadowed by the mask (Region II). The
NEXAFS shows no π* resonance, and the only C 1s signals
present are those corresponding to the C−C and C−Si bonds
of the SiC surface.53−56 Inside the pattern (Region I), the
graphene does not show any signs of oxidation: the π*
resonances of the NEXAFS appear to be unchanged, and the
energies, shapes, and intensities of the graphene core levels are
well preserved. In Figure 4b, only a small redistribution of
intensity can be seen between the surface C1 and C2 peaks.
The characteristic Ru 3d5/2 signal from the Ru-mediated
graphene system can no longer be distinguished at this stage.
With the presence of SiO2 verified from the Si 2p signal, the
robustness of the graphene peaks suggests that the graphene is
now supported directly on top of the SiO2.
4. CONCLUSIONS
The demonstrated concepts of transfer-free and patterned
graphene formation directly on dielectric thin films is an
exciting development that allows structured graphene to be
defined in a simple and straightforward manner with minimal
extra processing required. Transition metals Fe and Ru can be
used interchangeably to predefine the growth regions, and at
moderate temperatures (600−700 °C), both will yield high-
quality graphene that is robust against subsequent exposure to
air. An underlying SiO2 layer can easily be formed through
stepwise intercalation of Si and O2, in principle yielding oxides
with precise thicknesses by controlling the dosage of each of
the two constituents. Hence graphene−dielectric−semicon-
ductor heterostructures with tailored and tunable oxide
thicknesses can be produced. This simplistic approach is
suitable for producing some of the building blocks for
graphene-based device applications that rely on a semi-
conducting substrate/body, such as graphene-based field-effect
transistors (GFETs)57,58 and radiation sensors.59 Our results
thus demonstrate the principle and feasibility of transfer-free
growth of graphene on dielectric, which may open up avenues
for integrating the techniques presented into the established
framework of semiconductor device processing.
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(49) Astasǎuskas, V.; Bellissimo, A.; Kuksa, P.; Tomastik, C.; Kalbe,
H.; Werner, W. S. Optical and Electronic Properties of Amorphous
Silicon Dioxide by Single and Double Electron Spectroscopy. J.
Electron Spectros. Relat. Phenomena 2020, 241, No. 146829.
(50) Thøgersen, A.; Selj, J. H.; Marstein, E. S. Oxidation Effects on
Graded Porous Silicon Anti-Reflection Coatings. J. Electrochem. Soc.
2012, 159, D276.
(51) Hollinger, G.; Himpsel, F. Probing the Transition Layer at the
SiO2-Si Interface using Core Level Photoemission. Appl. Phys. Lett.
1984, 44, 93−95.
(52) Watanabe, H.; Hosoi, T.; Kirino, T.; Kagei, Y.; Uenishi, Y.;
Chanthaphan, A.; Yoshigoe, A.; Teraoka, Y.; Shimura, T. Synchrotron
X-Ray Photoelectron Spectroscopy Study on Thermally Grown SiO2/
4H-SiC (0001) Interface and its Correlation with Electrical
Properties. Appl. Phys. Lett. 2011, 99, No. 021907.
(53) Nakao, A.; Iwaki, M.; Sakairi, H.; Terasima, K. XPS
Characterization of Nitrogen Implanted Silicon Carbide. Nucl.
Instrum. Methods Phys. Res., B 1992, 65, 352−356.
(54) Wang, Y.-Y.; Kusumoto, K.; Li, C.-J. XPS Analysis of SiC Films
Prepared by Radio Frequency Plasma Sputtering. Phys. Procedia 2012,
32, 95−102.
(55) Johansson, L.; Owman, F.; Mårtensson, P.; Persson, C.;
Lindefelt, U. Electronic Structure of 6H-SiC(0001). Phys. Rev. B
1996, 53, 13803.
(56) Simon, L.; Kubler, L.; Ermolieff, A.; Billon, T. X-Ray
Spectroscopy of the Oxidation of 6H-SiC (0001). Phys. Rev. B
1999, 60, 5673.
(57) Lin, Y.; Chiu, H.; Jenkins, K. A.; Farmer, D. B.; Avouris, P.;
Valdes-Garcia, A. Dual-Gate Graphene FETs with f T of 50 GHz. IEEE
Electron Device Lett. 2010, 31, 68−70.
(58) Lin, Y.-M.; Dimitrakopoulos, C.; Jenkins, K. A.; Farmer, D. B.;
Chiu, H.-Y.; Grill, A.; Avouris, P. 100-GHz Transistors from Wafer-
Scale Epitaxial Graphene. Science 2010, 327, 662.
(59) Foxe, M.; Lopez, G.; Childres, I.; Jalilian, R.; Patil, A.; Roecker,
C.; Boguski, J.; Jovanovic, I.; Chen, Y. P. Graphene Field-Effect
Transistors on Undoped Semiconductor Substrates for Radiation
Detection. IEEE Trans. Nanotechnol. 2012, 11, 581−587.
ACS Applied Materials & Interfaces www.acsami.org Research Article
https://doi.org/10.1021/acsami.1c09987
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX
G
